The final clarifier is one of the most important unit processes and often determines the capacity of a treatment plant. Clarification is a solids separation process, which results in the removal of 99 percent or more of the suspended solids (biological floc) received from the activated sludge system. The separated solids are transported to the bottom of the clarifier and removed as return activated sludge (RAS). The clarifier failure can lead to solids carryover resulting in a reduction in solids retention time (SRT) below that required for meeting process goals. The State Point Analysis (SPA) is a practical tool that can be used to perform a "what if" analysis based on sitespecific data. Consequently, it enables engineers to examine clarifier behavior under various operating scenarios during the design phase, lower design safety factors and avoid over design, size clarifiers in conjunction with the biological process, and achieve cost savings. Likewise, using the SPA approach operators can predict impending problems early, implement corrective measures in a timely fashion, and adapt to upstream changes in the biological process.
THE ACTIVATED SLUDGE SYSTEM
illustrates a typical activated sludge system, which consists of the bioreactor where the biological reactions occur and the final clarifier, where the biomass is separated from the wastewater. A relatively small portion of the settled sludge is wasted from the system to maintain the desired biomass inventory, while the rest is returned to the bioreactor as RAS to seed the incoming wastewater. Consequently, the performance of the solids separation process is closely linked to the performance of the biological process and vice versa. The failure to understand this interdependency has led to poor clarifier design and operation.
Figure 1: The Activated Sludge System

FUNCTION OF A CLARIFIER
The primary function of the final clarifier is to separate the solids from the liquid stream so that a clarified effluent with low effluent suspended solids (ESS) level is produced. The separated solids are conveyed to the bottom of the clarifier, compacted, and withdrawn as RAS. The performance of the final clarifier is linked to sludge settleability. A rise in ESS is an indication of clarification failure or significant upset in the biology of the biomass. Thickening involves a relatively larger fraction of the solids (> 99 percent). Thickening failure results in a rise in sludge blanket depth. The consequences of poor clarifier performance are:
Permit violations with respect to effluent total suspended solids (TSS), which can potentially result in total phosphorus excursions Unintentional wasting of solids with the effluent leading to a reduction of solids retention time (SRT), which could impact the biological process.
The capacity of a clarifier is related to the rate at which the incoming solids can be separated and conveyed to the sludge collection mechanism at the bottom. This rate of solids conveyance is impacted by the following factors:
• Sludge (mixed liquor suspended solids, MLSS) settleability • Operational parameters Influent flow rate RAS flow rate MLSS concentration • Hydraulic characteristics of the clarifier This paper will not discuss the biological reactions and causes for poorer settling MLSS. It will discuss how the SPA incorporates the impacts of all the factors listed above, except the hydraulic characteristics of the clarifier. Hydraulic and sludge removal mechanisms also play a part in the performance of the final clarifiers and must be carefully considered as part of any design.
STATE POINT ANALYSIS Basics
The SPA is an extension of the solids flux theory, which describes the movement of solids through a clarifier. Type III settling is the predominant solids removal mechanism in final clarifiers. It is characterized by flocculated particles settling as a zone or blanket. As they settle, the particles maintain their positions relative to each other. For each sample, the concentration is measured and the interface height (the boundary between the settling solids and the relatively clear supernatant) is recorded as a function of time. Initially, the interface falls rapidly and measurements should be taken frequently (every 30-60 seconds). This frequency can be reduced as the interface drops more slowly. A plot of interface height versus time is generated and the linear portion of the curve is identified. The slope of this linear portion of the curve is the settling velocity (V s ). A typical settling curve is shown in Figure 3 . Typically a period of 30 to 45 minutes is sufficient to establish V s. An in-depth discussion of SPA is provided in Wahlberg (2001) and Water Environment Federation (2005) . 
By combining equations (1) and (2) we obtain:
From the settling tests, several combinations of X and G values can be generated. V o and k can be determined by performing a least squares analysis on X and G. A good settling sludge is characterized by high V o and low k.
The solids flux curve is then developed by plotting G on the y-axis and the corresponding value of X on the x-axis. The next step is to superimpose the two key operating parameters of a clarifier, the overflow rate (OFR) and underflow rate (UFR). These are shown as straight lines with slopes determined as follows:
Where, Q = Influent flow, gpd Q ras = RAS flow, gpd A = Clarifier surface area, ft 2
The OFR line represents the upward velocity (positive slope) of the water flowing through the clarifier and is drawn from the origin with a slope equal to the clarifier overflow rate. The UFR represents the downward velocity (negative slope) of the solids due to sludge withdrawal. It is drawn with a negative slope of Q ras /A starting at the applied clarifier solids flux (G) on the yaxis, which is calculated using Equation 6 Because operating conditions are never constant, the State Point is dynamic in nature. A good settling sludge will have a greater area below the solids flux curve relative to a poor settling sludge. Accordingly, when testing is performed, measurements of the MLSS settleability per the methods used by plant operating staff (typically sludge volume index, SVI) should be recorded so that the relative settleability of the MLSS used during state point settling test can be related to plant operations. This means that with a good settling sludge, the clarifiers will have a greater operating range. As illustrated in the Figure 4 , a good settling sludge (low sludge volume index (SVI)) will have a greater area below the solids flux curve relative to a poor settling sludge (high SVI). This implies that with a good settling sludge, the state point will have greater freedom of movement within the solids flux curve and the clarifier will have a greater operating range.
Figure 4 -Components of the State Point Analysis
The state point curves can be used to assess the behavior of clarifiers that are not limited by hydraulic inefficiencies. The clarification and thickening performance of a clarifier can be assessed by examining the SPA curves as outlined below.
The location of the state point in relation to the solids flux curves indicate whether clarification failure is happening or likely to happen: UFR line tangent to the descending arm of flux curve: Critically loaded condition. Solids entering the tank are slightly in excess of the solids leaving the tank. As a result a sludge blanket is formed. This may be an acceptable operation strategy to cope with diurnal peak solids load. However, continued operation at the critically loaded condition is likely to result in thickening failure. UFR line intersects the descending arm of flux curve: Overloaded condition. There is a net transfer of solids from the aeration basin to the clarifier. Thickening failure occurs, leading to significant solids accumulation and deep sludge blankets. If left unchecked, the sludge blanket could propagate to the surface. Continued propagation of the sludge blanket could potentially result in loss of solids in the effluent and TSS permit violation. Increasing the RAS flow is a quick way to transfer solids from the clarifier to the aeration basin to relieve thickening failure. However, this will also increase the solids loading rate to the clarifiers and may not be an effective long term strategy
Practical Application
The Valrico Advanced Wastewater Treatment Plant (AWTP) will be expanded from 6.0 to 12.0 million gallons per day (MGD), average annual daily flow (AADF). Currently, the Valrico AWTP has three 100-foot diameter clarifiers operating at an average MLSS concentration of approximately 5,400 mg/L at an average plant flow of 4.4 MGD. As part of the expansion, additional clarifier capacity will be required. During preliminary design it was determined that a MLSS concentration in the oxidation ditches of 4,500 mg/l and three additional clarifiers (one, 100-foot diameter and two, 120-foot diameter) were recommended to meet the requirements of 12.0 MGD, AADF. These recommendations were based on typical clarifier loading rates which normally results in a conservative design.
In an effort to reduce the level of conservatism in the clarifier design and to help reduce the costs of the expansion, Malcolm Pirnie performed a SPA in order to assess the clarification and thickening performance of the clarifiers at the Valrico AWTP and to predict its behavior based on site specific data. Settling tests were performed as described above. Using the data, V o and k for Valrico were estimated and a flux curve was generated. SVIs and MLSS concentrations on the day of the tests were consistent with recent historical averages.
The SPA was applied to the following scenarios:
• Four 100-foot and two 120-foot diameter Clarifiers at 12.0 MGD, AADF • Six 100-foot diameter Clarifiers at 12.0 MGD, AADF The MLSS concentrations selected for the analysis were 4,500, 5,400, and 6,000 mg/L. A concentration of 4,500 mg/L was selected based on the recommended MLSS concentration from preliminary design, 5,400 mg/L was selected because it is the current average operating MLSS of the plant, and 6,000 mg/L was selected as an upper limit, prior to the occurrence of operational problems with the clarifiers.
The SPA revealed that the limiting criterion with respect to clarifier performance at the Valrico AWTP is the solids loading rate and not the overflow rate. This is typical of BNR facilities 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 11,000 12,000
Concentration ( 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 11,000 12,000 1 -AA 4500 mg/l 2 -PD 4500 mg/l 3 -AA 5400 mg/l 4 -PD 5400 mg/l 5 -AA 6000 mg/l 6 -PD 6000 mg/l Based on the results of the SPA and the objectives to safely meet the treatment requirements for the desired flows, as well as help the County stay within its established budget, Malcolm Pirnie recommended installing three additional 100-foot diameter clarifiers for the 12.0 MGD expansion. The recommendation was less conservative than the recommendation included in the 15% Report and it provides reduced operating flexibility, but it will save the County approximately $600,000 under this project (difference in construction cost between two 120-foot and two 100-foot diameter clarifiers). This recommendation will also require additional operator attention to monitor and control the MLSS concentration in the clarifiers.
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CONCLUSION
This article outlines the concept of the SPA and how it can be used by designers for capacity analysis and by operators for solids inventory control. The SPA approach uses site specific settleability data to predict clarifier performance fairly accurately, provided there are no hydraulic inefficiencies. If such constraints are present, it is likely that clarifier failure would occur sooner than predicted by the SPA. The engineer's goal should be to use good design practices in the design of final clarifiers. However, poor sludge settleability can curtail even the best of clarifiers. Operators should strive to attain the best settleable sludge practically possible under their operating conditions. Doing so will ensure stable clarifier operation over a wide range of operating scenarios.
